1. Introduction {#sec0005}
===============

Alginate or alginic acid is a polysaccharide produced by various genera of marine brown algae and some bacteria such as *Azotobacter and Pseudomonas* \[[@bib0005], [@bib0010], [@bib0015], [@bib0020], [@bib0025]\]. Alginate consists of β-[d]{.smallcaps}-mannuronic acid (M) and α-[l]{.smallcaps}-guluronic acid (G) monomers joined together by 1,4-linkages, and are arranged in homogenous (poly-G, poly-M) or heterogenous (MG) block-like patterns \[[@bib0030]\]. The structural, chemical and functional properties of alginates vary depending on their source \[[@bib0035]\]. Alginate has gained a preferential place in several industrial applications including the heavy metal absorption from industrial waste, development of drug delivery systems and wound healing biomaterials because of its specialized properties such as swelling capacity, viscosifying property and lack of toxicity \[[@bib0025],[@bib0040],[@bib0045]\]. Due to its broad spectrum of biomedical applications, the demand for alginate has increased over time, and it is likely to increase significantly in the future \[[@bib0015],[@bib0050]\]. Commercially, marine macroalgae or brown algae are used produce alginates worldwide \[[@bib0055]\]. As the natural resources for these alginophytes are limited and method like kelp farming have been developed for the cultivation of alginophytes in many countries. The kelp farming methodologies include the production of seedlings on strings (laboratory-culture stage) and their subsequent attachment to culture ropes for growth in a floating raft culture (sea-culture stage). The environmental and seasonal variations such as temperature, changes in water current etc. drastically affect the kelp farming as well as the homogeneity of the production quality \[[@bib0020],[@bib0050]\]. In order to overcome these variations, and to accomplish the current and future demands of alginate, an alternative source for mass alginate production is needed.

Bacterial alginate could be a better alternative for brown algae-derived alginate because of its well-defined chemical structures and physical properties. Also, the production of alginate by bacteria offers several additional advantages, such as overcoming the seasonal variations and batch to batch variations in their production and the product homogeneity. The yield of alginate can also be controlled by altering the culture conditions as well as expected quality can be obtained by genetically modified microorganisms \[[@bib0060]\]. Bacterial alginate biosynthesis pathway has the following steps, (i) precursor substrate synthesis (ii) polymerization (iii) cytoplasmic and periplasmic membrane transport (iv) modification and (v) export through the outer membrane and secretion \[[@bib0065]\]. Several studies have reported that some bacterial strains including *Pseudomonas species* produce alginate as extracellular polysaccharides, in which majority of them lack the G-blocks \[[@bib0060]\]. The present study was initiated with screening of soil samples for bacteria which produce biopolymers, where we found a new strain of *Pseudomonas stutzeri* that have the capability of producing alginate. Further characterization of the purified alginates showed its efficacy towards bioremediation and biomedical applications are proposed.

2. Materials and methods {#sec0010}
========================

2.1. Isolation of exopolysaccharide producing bacteria {#sec0015}
------------------------------------------------------

The bacteria were isolated from the rhizosphere of leguminous plant field in Madurai, India using routine microbiological techniques \[[@bib0070]\]. The isolated bacteria were maintained at 4 °C on nutrient agar slant. Ten individual isolates were screened for exopolysaccharide (EPS) synthesis. The characterization of isolated alginate producing bacteria was done by morphological, biochemical tests and genotypic methods as outlined below.

2.2. Molecular level characterization of isolate {#sec0020}
------------------------------------------------

The phylogenetic status of the isolate was determined by genotyping the gene encoding 16S rRNA. In brief, the bacterial genomic DNA was isolated using the InstaGeneTM Matrix Genomic DNA isolation kit (cat \# 732-6030 Bio-Rad Laboratories Pvt Ltd), and the 16S rRNA gene fragment was amplified by polymerase chain reaction (PCR) with a forward primer (Sense - 5′-AGAGTTTGATCMTGGCTCAG-3′) and a reverse primer (Antisense -- 5′-TACGGYTACCTTGTTACGACTT-3′) using MJ Research Peltier Thermal Cycler. The PCR product was purified with Montage PCR Clean up kit (cat \# P36322, Millipore) and the DNA sequence was determined using Illumina hiseq sequencer (YAAZH XENOMICS, India). The 16S rRNA sequence was analyzed by using NCBI BLAST similarity search tool and the multiple sequence alignment (Phylogeny analysis) was performed with the closely related sequence of blast results. The program MUSCLE 3.7 was used for multiple alignments of sequences and the resulting aligned sequences were cured using the program Gblocks 0.91b (to remove alignment noise) \[[@bib0075]\]. The phylogeny analysis was done with PhyML 3.0 aLRT and HKY85 was used as a substitution model \[[@bib0080]\].

2.3. Evaluation of EPS synthesis by *Pseudomonas stutzeri* {#sec0025}
----------------------------------------------------------

*Pseudomonas stutzeri* growth and the potential for EPS synthesis was tested in two different growth media, basal medium I and II and compared for the production of bacterial EPS according to previous protocol with slight modification \[[@bib0085]\]. Specifically, the basal medium I comprised MOPS and FeSO~4~, whereas basal medium II was without MOPS and replaced FeSO~4~ with FeCl~3~. The media compositions are as follows; The basal medium I (g/L): Yeast extract- 3; K~2~HPO~4~- 0.66; KH~2~PO~4~- 0.16; MgSO~4~.7H~2~O- 0.2; CaSO~4~.2H2O- 0.05; Na~2~MoO~4~.2H~2~O- 0.0029; FeSO~4~.7H~2~O- 0.002; MOPS- 1.42; Sucrose- 20, pH 7.0. The basal medium II (g/L): Yeast extract, 3; K~2~HPO~4~- 0.8; KH~2~PO~4~- 0.2; MgSO~4~.7H~2~O- 0.2; CaSO~4~.2H~2~O- 0.1; Na~2~MoO~4~.2H~2~O- 0.001; FeCl~3-~ 0.027; Sucrose- 20, at pH 7.0. *Pseudomonas stutzeri* was cultured in 500 ml culture flask at 30 °C for 12--25 days with constant shaking of 200 rpm. Each experiment was done in triplicate. Triplicate cultures were used for each batch experiment.

2.4. Batch culture {#sec0030}
------------------

The batch culture was conducted using protocol described earlier with some modifications \[[@bib0090]\]. In brief, the seed culture was prepared in a 500 ml Erlenmeyer flask containing 150 ml growth media using *Pseudomonas stutzeri*. Batch cultivation was carried out at optimum temperature (30 °C) in a 7.5 L bioreactor (BioFlo/Celligen 115, New Brunswick, USA) containing 3 L of media. The bioreactor was sterilized at 121 °C for 20 min, cooled and then inoculated with 50 ml inoculum. The pH of the culture broth was maintained at 7.0 by automatic addition of acid or base by pH--mV controller (MettlerTolledo, USA). Dissolved oxygen was measured by DO probe (MettlerTolledo, USA) and the concentration was maintained at 30 % saturation value by cascading the speed of the agitator and air flow rate. The initial substrate concentration (sucrose) was 20 g/l and fermentation was carried out for 25 days. The growth was monitored at regular time intervals and the dry cell mass was estimated.

2.5. Collection of bacterial exopolysaccharide {#sec0035}
----------------------------------------------

After minimum of 14 days of incubation, semisolid beads of EPS production was observed. The EPS beads were collected, washed with aqueous solution followed by ethanol (95 %) and stored in the refrigerator at 4 °C. It is then dried in hot air oven at 50−60 °C and used for further analysis.

2.6. Confirmation of alginate synthesized by *Pseudomonas stutzeri* {#sec0040}
-------------------------------------------------------------------

### 2.6.1. Determination of carbohydrates {#sec0045}

To determine the nature of carbohydrate present in the harvested exopolysaccharide, Molisch's test, Iodine test, Seliwanoff test and Osazone test were done according to standard procedures \[[@bib0095]\].

### 2.6.2. Determination of uronic acid {#sec0050}

The presence of uronic acid was determined by using carbazole method \[[@bib0100]\]. In brief, a 50 μl of serially diluted standard alginic acid and synthesized bacterial alginate (100 mg/ml) were placed in a 96-well plate and 200 μl of a solution of 25 mM sodium tetra borate (in sulfuric acid) was added. The plate was heated at 100 °C for 10 min and cooled for 15 min at room temperature. Then, 50 μl of 0.125 % carbazole (in ethanol) was added, heated again at 100 °C for 10 min and cooled at room temperature for 15 min. The absorption was measured at 550 nm in micro plate reader.

### 2.6.3. Fourier transform infrared spectroscopy (FTIR spectroscopy) {#sec0055}

The chemical structure of monomers present in the bacterial alginate was determined by FT-IR. In brief, spectra of harvested bacterial alginate samples were recorded with IRPrestige-21 FTIR spectrophotometer, (Shimadzu) in a spectra ranging from 4000 cm^−1^ to 400 cm^−1^ at 4 cm^−1^.

### 2.6.4. ^1^H Nuclear magnetic resonance (NMR) {#sec0060}

The proton and carbon number of harvested alginate were identified and confirmed by ^1^H NMR experiments using a Bruker AVANCE HD 500 MHz FT-NMR Spectrometer (IITM, Chennai-TN, India). In brief, 5 mg of bacterial alginate was dissolved in 1 ml of D~2~O (Deutrium dioxide) and the spectra were recorded at 400.13 MHz, 100.62 frequencies, an 90° pulse, and an acquisition time of 2.5 s. using 1.7 mm Triple Inverse Probe with gradient (TXI) broadband probe head equipped with shielded z-gradient. The spectra were analyzed with Windows 7 based TOPSPIN 3.5 software.

### 2.6.5. Differential scanning calorimetry (DSC) {#sec0065}

DSC thermograms of vacuum-dried bacterial alginate beads were analyzed using NETTZSCH DSC 204 (SAIF laboratory, IITM, Chennai-TN). Briefly, 15 mg of the sample was placed in aluminium pan and heated from 25 °C to 400 °C at a scanning rate of 10 °C/min under 5 ml/min dynamic air atmosphere.

### 2.6.6. Heavy metal removal assay {#sec0070}

To study the efficiency of heavy metals removal property, 100 mg of bacterial alginate beads were added to 50 ml distilled water containing 100 mg of lead nitrate, cobalt chloride and potassium dichromate. The reaction was preceded for 24 h at ambient temperature (27 ± 2 °C) under shaking at 200 rpm. The residual metal ions were dissolved in 10 ml of 2 % nitric acid, filtered with Whatmann filter paper and heated at 80 °C until the solution become transparent. The resulting solution was filtered again and diluted to 50 ml with double distilled water. Final metal concentrations were analyzed by Atomic absorption spectroscopy (AAS).

### 2.6.7. Gel formation assay {#sec0075}

To test the gel formation property, harvested bacterial alginate was mixed with ion bond forming chemicals such as ZnSO~4~, K~2~Cr~2~O~7~, KMnO4 and CuSo4 \[[@bib0105]\]. For this assay, 250ul of NaOH (30 %) was mixed with 5 ml of above ionic solutions (0.16 %) followed by addition of 500ul of bacterial alginate (0.6 %) and the mixture were assessed for gel formation ability.

### 2.6.8. Biocompatibility evaluation {#sec0080}

For cytotoxicity studies, Mouse fibroblast L929 (NCTC clone 929) cell line established from mouse connective tissue cells were used. In brief, the cells were cultured in Eagle's MEM supplemented with 10 % fetal calf serum. The bacterial alginate was dissolved in α-MEM (20 mg/ml) and filter sterilized. Two fold serial dilutions were made using 2x complete medium (α-MEM, Fetal bovine serum and penicillin/streptomycin). Then, the culture was replaced with medium containing bacterial alginate (5 mg/ml and 10 mg/ml) and incubated for 24 h. Medium without bacterial alginate and Phenol (1.3 mg/ml) were used as negative and positive control respectively. After 24 h, phase contrast images were taken and the cytotoxicity was assessed as per ISO 109935.

3. Results and discussion {#sec0085}
=========================

3.1. Characterization of isolate {#sec0090}
--------------------------------

### 3.1.1. Gram-staining and biochemical characterization {#sec0095}

From ten isolates screened, we found one isolate significantly synthesized exopolysaccharide, which was used for further characterization. The preliminary screening of alginate producing bacteria showed Gram negative rod shape ([Fig. 1](#fig0005){ref-type="fig"}) in Gram staining. The biochemical analysis of the alginate producing isolate exhibited positive for catalase, oxidase, Voges Proskauer, mannitol fermentation, nitrate reduction, starch hydrolysis, caesin hydrolysis. Further this isolate showed negative for methyl red, indole, hydrogen sulphide, urease, citrate utilization, and glucose fermentation ([Table 1](#tbl0005){ref-type="table"}). These physiological and biochemical characteristics results suggested that the isolate belongs to the genus *Pseudomonas*.Fig. 1Light microscopic image of Gram negative rod bacteria (*Pseudomonas stutzeri*).Fig. 1Table 1Shows the biochemical test results of G--ve rod bacterial isolate from soil sample.Table 1Name of the biochemical testGram--Ve isolateCatalase test+Oxidase test+Methyl red test_Voges-proskauer test+Indole test_Mannitol fermentation test+H~2~s production test_Citrate utilization test_Starch hydrolysis+Casein hydrolysis+**Glucose fermentation**Gas production_Acid production\_

### 3.1.2. Confirmation of the *spp* identity of *P. stutzeri* by 16S rRNA sequence analysis {#sec0100}

The DNA sequence encoding 16S rRNA is used as a molecular marker for the identification of bacterial population \[[@bib0110]\]. In the present study, 890 bp DNA sequence containing 690 bp of 16S rRNA sequence was amplified by PCR from the genomic DNA of the isolate. Sequence analysis revealed that this isolate was closely related to the genus *Pseudomonas* spp. BLAST analysis of the 16S rRNA sequence showed 99 % similarity to 16S ribosomal RNA gene (GenBank accession \# KY941131.1) of *P. stutzeri* strain T2, and this strain has proven to produce biosurfactant \[[@bib0115],[@bib0120]\]. To analyze the phylogenetic relationship of the isolated *P. stutzeri,* the programs PhyML 3.0 aLRT and Tree Dyn 198.3 were used for phylogeny analysis and tree rendering process respectively ([Fig. 2](#fig0010){ref-type="fig"}) \[[@bib0125]\]. The sequence has been submitted to NCBI (GenBank accession number: MH316120.1). Based on the 16S rRNA sequence analysis and its similarity with the previously known *P. stutzeri* sequence, we name this strain as *P. stutzeri TN_AlgSyn*. The molecular identification of the isolate *P. stutzeri TN_AlgSyn* suggests that this strain belongs to the phylum Proteobacteria under the family of Pseudomonadaceae and *P. stutzeri* subgroup.Fig. 2Phylogenetic view of the isolate *Pseudomonas stutzeri* according to partial sequence of 16S rRNA.Fig. 2

*P. stutzeri* is a rod shape, gram --ve, nonfluorescent bacterium belonging to the family of Pseudomonadaceae, and widely distributed in the environmental samples \[[@bib0130], [@bib0135], [@bib0140]\]. Recently, this species is receiving much attention because of its unique metabolic properties such as denitrification, degradation of aromatic compounds, and nitrogen fixation. It serves a model organism for denitrification studies; many strains have natural transformation property and others can able to degrade pollutants or interact with toxic metals.

### 3.1.3. Synthesis of EPS by *Pseudomonas stutzeri* {#sec0105}

As described in the methods section, *P. stutzeri* were grown in growth medium buffered with and without MOPS and compared the exopolysaccharide production. The EPS concentration was about 7.1 g/250 ml and 3.4 g/250 ml, when the bacteria was cultured in with and without MOPS, respectively. Also, we observed that iron concentration in the growth medium significantly altered the physical properties of the EPS ([Fig. 3](#fig0015){ref-type="fig"}). As shown in [Fig. 3](#fig0015){ref-type="fig"}A,B, the exopolysaccharide production in medium I with MOPS and FeSO~4~ is clear and discrete, whereas in medium II, use of FeCl~3~ gives colored polymer that are found to be clumped [Fig. 3](#fig0015){ref-type="fig"}C. FeSO4 has high redox potential in maintaining the pH and the microbe might not have preferred FeCl3 for its alginate production \[[@bib0145],[@bib0150]\]. It could be due to alteration in pH, which lowers iron solubility and limiting the iron concentration of the growth medium or lack of siderophores (unable to bind and transport irons) in *P. stutzeri*. Collectively, optimum EPS production was observed at 22 days, where MOPS keep the pH constant and variation in the pH and iron could alter the physical property of bacterial EPS \[[@bib0145],[@bib0155],[@bib0160]\]. The synthesized alginate from medium I was used for further characterization.Fig. 3EPS synthesized by *P. stutzeri TN_Alg Syn* using MOPS and FeSO~4~ (3a and 3b) EPS synthesized by *P. stutzeri TN_Alg Syn* without MOPS and with FeCl~3~ (3c).Fig. 3

### 3.1.4. Batch culture {#sec0110}

Batch fermentation study was carried out to understand the kinetics of alginate production under shake flask cultivation conditions ([Fig. 4](#fig0020){ref-type="fig"}). After 25 days, estimated biomass and alginate production were 1.7745 and 5.01 g/l, respectively. Total sugar concentration decreased to 2.0 g/l at the end of production phase in comparison to initial concentration of 20.0 g/l. Alginate yield (Y~P/X~) was found to be 2.15 (g alginate/g biomass) with respect to substrate consumed and maximum productivity was found to be 0.2 g/l/h at 25 days. The specific growth rate (μ) was found to be 0.11 in the present study which was in correlation with previous findings of Kommedal et al. \[[@bib0165]\]. The alginate yield and productivity obtained in the current study are higher in comparison to previous findings reported in *A. vinelandii* where 0.928 ± 0.048 (g alginate/g biomass) and 0.281 ± 0.043 (g alginate/g biomass) was obtained using sucrose as substrate Mauricio et al. \[[@bib0170]\]. In order to deduce the production kinetics the ludking piret equation was used as follows:$$\frac{dp}{dt} = \alpha\frac{dx}{dt} + \beta x$$Where, p represents, product concentration, x represents cell mass and α and β represented the constant terms. In the present study, the product yield followed the above equation which depicts that the rate of alginate production by isolated strain was mixed growth associated ([Fig. 4](#fig0020){ref-type="fig"}).Fig. 4Variation in cell mass and alginate synthesis with and different substrate (sucrose) concentration and incubation period under batch fermentation.Fig. 4

3.2. Characterization of bacterial alginate {#sec0115}
-------------------------------------------

### 3.2.1. Determination of carbohydrates {#sec0120}

We characterized the EPS purified from *P. stutzeri* by various biochemical assays and we found that Molisch's test and Iodine test showed the presence of carbohydrate from EPS synthesized by the bacteria. Seliwanoff test showed the absence of ketoses and aldoses \[[@bib0175]\]. The lack of glucose fructose, maltose and lactose from the EPS revealed the presence of other polysaccharides ([Table 2](#tbl0010){ref-type="table"}). Further analysis was carried out to check the presence of alginate in EPS.Table 2Shows the determination of carbohydrate obtained from *P. stutzeri TN_Alg Syn* harvested exopolysaccharide.Table 2TestDetermination of the presence ofObservationResults\
(Bacterial EPS)Molisch's testCarbohydratesA deep violet coloration at the junction of two layers.+Iodine testpolysaccharideIodine forms coloured adsorption complexes with polysaccharides.+Seliwanoff testKetoses, AldosesA cherry red colored precipitate--Osazone TestGlucose, Fructose, maltose and lactoseFormation of yellow crystals or Needle shaped crystalsor Hedgehog crystals or Sunflower shaped crystals--

### 3.2.2. Determination of uronic acid {#sec0125}

Alginates are polysaccharides composed of mannuronic and guluronic acids and it becomes necessary to confirm the presence of mannuronic and guluronic acid in the EPS purified from *P. stutzeri.* \[[@bib0180]\] Uronic acid assay is largely used to evaluate the purity of alginate during each batch cultivation. The amount of uronic acid present in the EPS was quantitatively determined using standard alginic acid. We found that 83 ± 4 % of *P. stutzeri* EPS contains uronic acid. The result shows that the *P. stutzeri* EPS has uronic acid as its major component and remaining fractions may be presence of proteins or amino sugars and lipids \[[@bib0185]\].

### 3.2.3. FT-IR spectroscopic analysis {#sec0130}

FT-IR is used to determine the functional groups present in the bacterial alginate by using typical vibration frequencies \[[@bib0190]\]. The following vibrational peaks were observed in the synthesized alginic acid sample using FTIR spectra ([Fig. 5](#fig0025){ref-type="fig"}). The broad band between 3700−3000 cm^−1^ was assigned to OH stretching vibration and between 3000−2300 cm^−1^ was to C--H stretch. Alginic acid is building blocks of mannuronic and guluronic acid residues containing one −COO group \[[@bib0195],[@bib0200]\]. The bands around 1650 cm^−1^ and 1400 cm^−1^ in the spectrum showed the asymmetric and symmetric stretching of carboxylate O---C---O vibration, respectively. The deformation of O---H and C---O stretching vibration were observed at 1395 cm^−1^ and 1333 cm^−1^, respectively. The bands around 1100 cm^−1^-1027 cm^−1^ was assigned to antisymmetric stretch of C---O---C. The band at 1150 cm^−1^ showed to the presence of *o*-acetyl ester in the bacterial alginates. The results of FTIR are remarkably in agreement with previous works \[[@bib0205], [@bib0210], [@bib0215]\]. The special characteristic feature of having dissimilar units of uronic acids made the polymer as one of the functional gel-forming exopolysaccharides \[[@bib0220]\]. Current frequency shift in the carbohydrate region strongly indicating the presence of mannuronic and guluronic acid residues.Fig. 5FTIR Spectra of standard and synthesized alginate from *P. stutzeri TN_Alg Syn* EPS.Fig. 5

### 3.2.4. ^1^H NMR of bacterial alginate {#sec0135}

NMR spectroscopy revealed the composition and block structures of bacterial alginate molecules. Based on the ^1^H NMR spectrum resonances, the region between 3.2--4.4 ppm up taking polysaccharides are sugar ring protons and the region from 4.4 to 5.6 up taking polysaccharides are anomeric proton \[[@bib0225]\]. The ^1^H spectra of isolated bacterial alginate is shown in ([Fig. 6](#fig0030){ref-type="fig"}); it showed a large doublet centered peak at 4.85 ppm, which was assigned to the anomeric proton resonances of guluronic (G) and manuronic (M) acid residue, which are the two building blocks of alginate and these monomers arrangement can be in GG, MM or GM blocks distributed in a non-regular order along the alginate chain \[[@bib0230]\]. These results were similar to those published for fraction of sodium alginate from an algae *Macrocystis pyrifera* and bacterial alginate from *P. aeruginosa* respectively \[[@bib0235],[@bib0240]\]. The intent signal observed between 4.2 and 5.1 ppm is assigned to alginate G5-H2 moieties of [l]{.smallcaps}-glucuronic acid in homopolymeric blocks \[[@bib0245]\]. The spectrum fraction of bacterial alginate also showed resonances below 3.2 ppm which are characteristics of proteins and lipids, and acetyl and succinyl groups \[[@bib0250],[@bib0255]\]. In our study, the assignments of chemical shifts in the ^1^H NMR spectra fractions are presented in [Table 3](#tbl0015){ref-type="table"}; the values were in good agreement with those published in the literature and confirmed that, these broad bands at 4.85 ppm, 3.4--3.9 ppm and 5.1 ppm are strong indicative of the presence G and M blocks of alginate.Fig. 6^1^H NMR spectra of synthesized *P. stutzeri TN_Alg* alginate.Fig. 6Table 3^1^H NMRspectrum fraction of bacterial alginate.Table 3FractionM-5M-3M-2(M)M-2(G)G-5G-2[Fig. 6](#fig0030){ref-type="fig"}^1^H NMR Spectra of alginate in D~2~O4.854.03.993.763.815.1According to previous Literature Martínez‐Gómez et al. \[[@bib0235]\] & Gonzalez-Gil et al. \[[@bib0225]\]^1^H NMR Spectra of alginate in D~2~O4.65-5.64.04-3.904.03-3.744.14-3.894.46-3.765.1-4.9

### 3.2.5. Differential scanning calorimetry (DSC) {#sec0140}

In industrial processes, the thermal (heat) analysis is an important fact regarding the information about the stability, decomposition and melting behavior of polymer \[[@bib0260],[@bib0265]\]. Thermogravimetry (TG) is a simple and fast way for getting information about humidity and ash contents but the resolution of TG curve mainly depends on heat rate \[[@bib0270]\]. Soares et al. \[[@bib0260]\] compared the TG and DSC curves of sodium alginate and they concluded that the small endothermic process at 190 °C followed by a strong exothermic peak at 300 °C, corresponds to the decomposition of the biopolymer \[[@bib0260]\]. Tripathi and Mishra \[[@bib0275]\] showed that the peak shifting from 136.9 °C to 185 °C, which might be due to the addition of bulk groups (carboxylic) as a side chain to alginate and the presence of amide bonds considered for its thermal stability \[[@bib0275]\]. In our study, the DSC results showed similar pattern as previous findings \[[@bib0260],[@bib0265],[@bib0280]\]. [Fig. 7](#fig0035){ref-type="fig"} shows the small endothermic process at 174.3 °C followed by a strong exothermic peak at 291 °C, which could be due to pyrolysis reaction of the sample. Whereas, the biofield treatment has altered the enthalpy significantly from 16.46 J/g to 95.42 J/g. These results indicate that our isolated bacterial alginate could provide considerable thermal stability and sufficient mechanical strength during the industrial processes.Fig. 7DSC curve shows thermal behavior of synthesized *P. stutzeri TN_Alg* alginate.Fig. 7

### 3.2.6. Heavy metal removal assay {#sec0145}

Environmental pollutants consist of heavy metals that are toxic even at lower concentration and cause health disorders \[[@bib0285]\]. Adsorption is an efficient and cost-effective method for the removal of these heavy metals and several organic compounds including bacterial alginate have been shown to be useful in this process. In this study, we have analyzed the efficacy of synthesized bacterial alginate for the absorption of Cobalt, Chromium, and Lead. The AAS analysis showed that the alginate from *P. stutzeri* adsorbed the heavy metals ([Fig. 8](#fig0040){ref-type="fig"}). The data shows that, the highest adsorption of lead ions (99.79 %± 0.278) compared to chromium (95.94 %± 0.264) and cobalt (96.81 %± 0.317). This finding suggests that alginate from *P. stutzeri TN_AlgSyn* could be a potential source for bioremediation of heavy metals.Fig. 8Graph representing percentage adsorption of heavy metals by alginate from *P. stutzeri TN_Alg*.Fig. 8

### 3.2.7. Gel formation assay {#sec0150}

The viscosities, gel-forming capacities, homogeneity in pore size are the most exciting properties of alginates in the field of biomedical applications. The viscosity and gel-forming capacities of alginate can be determined by the length, molar ratio and sequential distribution of M and G monomeric residues along the polymer chain \[[@bib0290],[@bib0295]\]. During gel formation, divalent cations such as Na + interact with two neighbor G-blocks with ion crosslinking and form an egg-box like structure. MM or MG blocks are generally incapable of binding divalent cations. Absence of G-blocks, the length of blocks (M & G) between the links, less ability of making cross-link with ions and viscosity may contribute for gel formation. But properties of bacterial alginate can be manipulated by changing the bacterial genes and experimental conditions. Genetically modified bacteria may enable production of alginate with tailor-made features and provide wide applications in industrial and biomedical fields \[[@bib0020],[@bib0065]\]. Previous finding showed that several *Pseudomonas spp* are unable to produce alginate with more G-blocks and researchers have shown little interest in alginate productions from them \[[@bib0060],[@bib0290],[@bib0300]\]. In our study, we have used four divalent cation solutions (CuSO~4,~ ZnSO~4,~ K~2~Cr~2~O~7~ and KMnO~4~) to test the gel-forming property of isolated *P. stutzeri TN_AlgSyn* alginate. *P. stutzeri TN_AlgSyn* alginate showed gel formation in the presence of CuSO~4~ and ZnSO~4~, whereas precipitation occurred with K~2~Cr~2~O~7~ and KMnO~4.~ ([Fig. 9](#fig0045){ref-type="fig"}). These results indicate that the presence of α-[l]{.smallcaps}-gluconate residue (G-Block) in the chain may remarkably increase the binding affinity of alginate produced by *P stutzeri TN_AlgSyn* with divalent cations.Fig. 9Tubes show the gel formation ability of alginate from *P.stutzeri TN_AlgSyn* with different divalent cations.Fig. 9

### 3.2.8. Biocompatibility evaluation {#sec0155}

The evaluation of the toxicity of bacterial alginate in L929 cells has been shown in [Fig. 10](#fig0050){ref-type="fig"}. The result showed that L929 cells treated with 5 mg/ml of *P. stutzeri TN_AlgSyn* alginate exhibit discrete intracytoplasmatic granules without lysis. A lower number of cells with discrete morphology (not more than 10 % of the cells are rounded and loosely attached) was observed when treated with 10 mg/ml bacterial alginate. Currently alginates are being used in various biomedical applications as hydrogel and scaffold \[[@bib0065],[@bib0305]\]. Here we showed that bacterial alginate synthesized from *P. stutzeri TN_AlgSyn* is non-cytotoxic and large scale synthesis of alginate could be cost effective source that facilitates their use in biomedical application.Fig. 10Cytotoxocity evaluation of synthesized alginate in L929 cells. A. Negative control, B. Bacterial alginate 5 mg/ml, C. Bacterial alginate 10 mg/ml, D. Positive control (Phenol 1.3 mg/ml).Fig. 10

4. Conclusion {#sec0160}
=============

In the present study, we have isolated and characterized *P. stutzeri TN_Alg Syn* strain from natural ecological niche, which has the ability to produce alginate. The lack of uniform quality and less abundance of brown algae are limitations for large scale alginate production, and use of *P. stutzeri TN_Alg Syn* could overcome these limitations. Also, our results confirm that *P. stutzeri TN_Alg Syn* alginate is secreted as an exopolyssacharide, which has consecutive stretches of G and M blocks that can build cross link with divalent cations under desirable culture conditions. Further evaluation of pilot scale followed by large scale production L of *P. stutzeri TN_Alg Syn* alginate could facilitate its commercial use in bioremediation and biomedical applications. The alginate has other industrial applications such as textile, paint industries, which will be added benefits. Future studies on finding molecular mechanism of *P. stutzeri TN_Alg Syn* alginate synthesis could be useful for the improved alginate production.

Author statement {#sec0165}
================

Alginate found to be a desirable polymer which has enormous applications. In spite of produced from marine algae, bacterial resources are promising a homogenous production. Our result justifies the integral structure of alginate through various analyses. The application of the biopolymer was justified through its biocompatibility and bio remediation. Its production details were statistically proven through batch kinetics. We here report a novel species producing alginate under laboratory conditions.
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